Even though the biological fossil record has been extensively documented, the rather abundant fossil record of radio-halos that exists in the coalified wood from the Colorado Plateau has remained virtually undeciphered. Jedwab (1) and Breger (2) have determined some important characteristics of such halos; in fact, earlier (1, 2) as well as present investigations on these samples (3) agree that: (i) the microscopic-size radiocenters responsible for halos (Fig. la) in coalified wood are actually secondary sites that preferentially accumulated α-radioactivity during an earlier period of earth history when uranium-bearing solutions infiltrated the logs after they had been uprooted; (ii) although autoradiography shows some α-activity dispersed throughout the matrix (1, 2), most of it is still concentrated in the discrete halo radiocenters; (iii) variations in coloration among radiohalos cannot necessarily be attributed solely to differences in the α -dose because there is evidence that the coalified wood was earlier far more sensitive to aradiation than at present (1); (iv) halos that appear most intensely colored in unpolarized transmitted light also show evidence of induration; that is, when polished thin sections of'coalified wood are viewed with reflected light (Fig. ib) , such high a-dose halos exhibit high reflectivity and pronounced relief; and (v) some areas of coloration are of chemical rather than radioactive origin
(1).
In addition to the above verifications, the studies reported here mark the first time that (I) radii measurements have been made to determine the type and stage of development of halos in coalifled substances and (ii) the radiocenters of such halos have been analyzed by modern analytical techniques. The discoveries reported herein raise questions relative to when U was introduced into the wood, the duration required for coalification, and the age of the geological formations.
Specifically, it was discovered that the halos (Fig. la) surrounding the α-active sites are typically embryonic, that is, they do not generally exhibit the outer 214 Po ring characteristic of fully developed U halos in minerals (4) . Such underdeveloped halos generally imply a low U concentration in the radiocenter. However, electron microprobe x-ray fluorescence (EMXRF) analyses (Fig.  2a) show many such radiocenters contain a large amount of U with the amount of daughter product Pb being generally too small to detect by EMXRF techniques (Fig.  2a) . Although we discuss below the application of ion microprobe mass spectrometer (IMMA) techniques (5) to the prob- Pb ratios in these radiocenters also relate to the time of coalification.
Another class of more sharply defined halos was discovered possessing smaller inclusions (≃ ≃ ≃ ≃ 1 to 4 µm in diameter) than the α-active sites. These inclusions exhibit a distinct metallic-like reflectance when viewed with reflected light. Three different varieties of this halo exist: one with a circular cross section, another with an elliptical cross section with variable major and minor axes, and a third most unusual one that is actually a dual halo, being a composite of a circular and an elliptical halo around exactly the same radiocenter (see Fig. 3 , a to c).
Although the elliptical halos differ radically from the circular halos in minerals (6), the circular type resembles the 210 Po halo in minerals and variations in the radii of circular halos approximate the calculated penetration distances ( ≃26 to 31 µm) of the 210 Po α-particle (energy E a = 5.3 Mev) in this coalified wood (7) . Henderson (8) theorized that Po halos might form in minerals when Udaughter Po isotopes or their α-precursors were preferentially accumulated into small inclusions from some nearby U source. Although this hypothesis was not confirmed for U-poor minerals (9) , it did seem a possibility in this U-rich matrix.
The EMXRF analyses (Fig. 2b) showed that the halo inclusions were mainly Pb and Se. This composition fits well into the secondary accumulation hypothesis for both of the U-daughters, 210 Po (half-life, T 1/2 = 138 days) and its α-precursor 210 Pb (T 1/2 = 22 years), possess the two characteristics that are vitally essential for the hypothesis: (I) chemical similarity with the elements in the inclusion and (ii) half-lives sufficiently long to permit accumulation prior to decay. This latter requirement is dependent on the radionuclide transport rate. In minerals the diffusion coefficients are so low that there is a negligible probability that 210 Pb ratios had to be measured to obtain evidence of 206 pb originating from the decay of 210 Po: the results were indeed confirmatory.
The ratios obtained were as follows: 206 Pb/ 207 Pb = 8 ± 0.5 11.6 ± 0.3 ll.7 ± 0.4. 13.3 ± 0.7, 13.4 ± 1.0. 13.7 ± 0.6. 13.9 ± 0.6. 14.8 ± 0.9. 15.8 ± 1.1. and 16.4 ± 0.5. The variation in this ratio can easily be understood to have resulted from the addition of an increment of 206 Pb (generated by in situ 210 Po decay) to the isotopic composition of the "old" radiogenic Pb. The lowest Pb ratio, obtained from a very lightly colored 210 Po halo, differs slightly from the lowest Pb isotope ratio previously determined on bulk samples of Colorado Plateau U ore specimens (12) .
What is the meaning of these Po halos? Clearly, the variations in shape can be attributed to plastic deformation which occurred prior to coalification. Since the model for 210 Po formation thus envisions that both 210 Po and 210 Pb were accumulating simultaneously in the Pb-Se inclusion, a spherical Pb atoms more slowly α-decayed to produce another crop of 210 Po atoms. If there was no deformation of the matrix between these periods, the two 210 Po halos would simply coincide. If, however, the matrix was deformed between the two periods of halo formation then the first halo would have been compressed into an ellipsoid and the second halo would be a normal sphere. The result would be a dual "halo" (Fig. 3c) The widespread occurrence of these dual halos in both Triassic and Jurassic specimens (13) can actually be considered corroborative evidence for a one-time introduction of U into these formations (1 2), because it is then possible to account for their structure on the basis of a single specifically timed tectonic event. The fact that dual halos occur in only about 1 out of 100 single Po halos is of special significance (14).
In halos with U radiocenters, the low Pb abundance made it generally quite difficult to measure U/Pb ratios with EMXRF (Fig. 2a possibility that both the initial U infiltration and coalification could possibly have occurred within the past several thousand years. At the same time it may be argued that this view is quite improbable for there exists another explanation that could invalidate the association of the U/Pb ratios with the initial introduction of U. This explanation would admit that, although Po halos constitute evidence that U infiltration and hence U radiocenter formation occurred prior to coalification, some U may have been added or Pb may have been selectively removed, or both, by groundwater circulation after coalification. Hence variable U/Pb ratios would be expected, and the highest ratio would simply reflect the last time when U remobilization or Pb remobilization, or both, occurred. Although this hypothesis has been used to account for U disequilibrium (18, 19) in bulk specimens of U-impregnated Colorado Plateau material, there are some questions about its applicability here. Pb ratios by remobilization requires that significant quantities of U were introduced into the U radiocenters quite recently. In any event, whether the hypothesis is U addition or Pb removal, the crucial point that seems quite difficult to explain under either assumption is the fact that, in general, the halos around U sites are embryonic (20). That is, since it seems clear that the U radiocenters formed during the initial introduction of U and if this were as long ago as the Triassic or Jurassic are generally thought to be. then there should be evident not only fully developed, but overexposed U halos as well (21) .
Clearly, it was important to determine whether these phenomena were characteristic only of the Urich Colorado Plateau coalified wood (2, 3). We therefore initiated studies on coalified wood fragments which are occasionally found in the Chattanooga shale (3, 11, 22) . Thus far only embryonic halos have been seen, and the 235 U/ 206 Pb ratios are much too high (>10 3 ) to correlate with the geological age of the formation (Devonian). The low U content of the Chattanooga shale (1 to 50 parts per million) makes it quite difficult to see how U remobilization could account for these very high isotope ratios. Thus the evidence does not appear to support the remobilization If remobilization is not the explanation, then these ratios raise some crucial questions about the validity of present concepts regarding the antiquity of these geological formations and about the time required for coalification. Finally, in addition to again focusing attention on the question of the origin of Po halos in minerals (6, /0 Po be available for accumulation. If the wood exhib ited constant sensitivity to a-induced coloration. then the outer circular halo resulting from °°2 10 P accumulation would be expected to be much darker than the elliptical halo resulting from "'Po accumulation. The fact that just the oppo site is true is in good agreement with the evi dence found by Jedwab (1) and private commu nication] indicating that during the U infiltration the gel-like wood exhibited much higher sensitiv ity to a induced coloration as compared to the later stages of coalification. Possibly then, a relatively dark halo could have formed rather quickly from as few as 10 4 to l0 5 Po atoms, whereas some 20 to 50 years later the change in the coloration sensitivity of the matrix might require an a-dose 50 to several hundred times higher from the 210 Pb decay sequence to produce even a light halo. Thus possibly only in rare cases would the Pb-Se inclusions accumulate large enough quantities of 2 "'Pb to subsequently generate the outer circular halo. 15. The variation in the 238 U 206 Pb ratios may be attributed primarily to the "old" radiogenic Pb component and secondarily to 225 Ra and   210 Pb. which, in varying amounts, were also incorporated into the U-rich radiocenters. Evidence for this "old" radiogenic Pb was also found in larger, millimetersize U-rich regions which also contained varying amounts of Na. Al, K, Ca, Ti. V. Fe, Y, Zr, Ba. and the rare earths. Such regions exhibit variable but not very high) U/Pb ratios and very little common Ph.
